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The search for new wide band gap materials is intensifying to satisfy the need for more advanced
and energy efficient power electronic devices. Ga2O3 has emerged as an alternative to SiC and
GaN, sparking a renewed interest in its fundamental properties beyond the main β-phase. Here,
three polymorphs of Ga2O3, α, β and ε, are investigated using X-ray diffraction, X-ray photoelec-
tron and absorption spectroscopy, and ab initio theoretical approaches to gain insights into their
structure - electronic structure relationships. Valence and conduction electronic structure as well as
semi-core and core states are probed, providing a complete picture of the influence of local coordina-
tion environments on the electronic structure. State-of-the-art electronic structure theory, including
all-electron density functional theory and many-body perturbation theory, provide detailed under-
standing of the spectroscopic results. The calculated spectra provide very accurate descriptions of
all experimental spectra and additionally illuminate the origin of observed spectral features. This
work provides a strong basis for the exploration of the Ga2O3 polymorphs as materials at the heart
of future electronic device generations.
INTRODUCTION
Ga2O3 is an ultra-wide band gap, transparent, semi-
conducting oxide material. Its band gaps of 4.5 - 5.3
eV depending on its crystal structure are significantly
larger than those of SiC (3.3 eV) and GaN (3.4 eV) and
make it an exciting material for future power electronic
applications, as well as for solar blind UV photodetectors
and gas sensing devices [1–5]. Its most stable form is the
monoclinic β-phase, which combines the large band gap
with high conductivity [6] and breakdown field [7], as
well as good transparency in the UV spectral region [8].
While the β-phase has been the focus of almost all
recent studies on Ga2O3, a range of polymorphs exists,
similar to other polymorphic oxide systems including
Al2O3 [9, 10], In2O3 [11, 12], and Sb2O3 [13]. Five
different Ga2O3 polymorphs have been reported in the
literature [14–16]. These include monoclinic β-Ga2O3
(space group C2/m), rhombohedral α-Ga2O3 (space
group R3¯c), cubic γ-Ga2O3 (space group Fd3¯), or-
thorhombic ε-Ga2O3 (space group Pna21), and the cubic
δ-Ga2O3 (space group Ia3¯) phase, although it has been
previously argued that the δ-phase is formed from a
mixture of the β- and ε-phases [17]. It is also important
to note that the ε-Ga2O3 phase may also refer to the
hexagonal (P63mc) structure, which is constructed by
twinning of three rotational domains of the orthorhombic
ε-phase. Finally, to add to the complexity of different
reported phases, the orthorhombic phase is sometimes
referred to as the κ-Ga2O3 phase [18, 19], and the two
designations used interchangeably.
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2Although interest in Ga2O3 as an ultra-wide band
gap material is great, the polymorphs beyond β-Ga2O3
are relatively unexplored, especially experimentally,
with very limited information regarding their electronic
properties available. This is due in part to limitations
in producing high quality samples, but challenges are
not limited solely to experimental efforts. The large
number of structural phases and the strong anisotropy of
β-Ga2O3 present difficulties for theoretical approaches.
Nevertheless, previous theoretical work carried out on
Ga2O3 polymorphs focuses on various properties, e.g.
optical response, electron transport, electronic structure,
and X-ray absorption spectra, calculated at different
levels of computational expense and accuracy.[19–26]
Experimental studies predominantly consider material
growth and optical properties with more extensive
information available for the β-phase. [18, 27–35] Very
few studies to date combine theory and experiment, thus
leaving some doubt over the accuracy of calculations
and uncertainty in the understanding and interpretation
of experimental data.[24, 30, 36–38] Overall, little
information is available for the polymorphs of Ga2O3
and studies considering a set or subset of the polymorphs
are extremely rare. However, comparative studies of the
polymorphs are invaluable for discerning trends between
the different structures and advancing our understanding
of the material.
The present work provides an in-depth study of
the electronic structure of three Ga2O3 polymorphs:
α-Ga2O3, β-Ga2O3, and ε-Ga2O3. In order to achieve
the best experimental results possible, the highest
quality available samples were selected for this study
including bulk single crystals and epitaxial films grown
using molecular beam epitaxy (MBE) and atomic layer
deposition (ALD). X-ray diffraction (XRD) is used to
provide information on the crystallinity of the samples.
High-resolution soft and hard X-ray photoelectron spec-
troscopy (SXPS at 1.49 keV and HAXPES at 5.93 keV)
are reported in conjunction with X-ray absorption spec-
troscopy (XAS) to probe the electronic structure of both
occupied and unoccupied states. Beyond the valence
states, semi-core and core state spectra are explored and
clear effects of local coordination geometry are found.
The combination of SXPS and HAXPES enables the
study of both surface and bulk electronic structure and
to identify features intrinsic to bulk Ga2O3. All spectral
data are directly compared to results from ab-initio
electronic structure calculations using all-electron DFT
and many-body perturbation theory (MBPT) in the
GW approach, as well as absorption spectra using
MBPT in the Bethe-Salpeter equation (BSE) approach.
Ultimately, this work presents a systematic and com-
prehensive comparison of the electronic structure of the
Ga2O3 polymorphs, providing an insight into electronic
trends and their relationship to crystal structure. It
lays the foundation for further exploration of Ga2O3 in
applications beyond its β-phase.
STRUCTURE
The crystal structures of the three polymorphs in-
vestigated are shown in Fig. 1a-c. The polymorphs are
constructed from varying Ga atomic arrangements, i.e.
different stacking of the tetrahedrally and octahedrally
coordinated building blocks, which contribute to the
phase stability as well as the opto-electronic properties
of the polymorphs [39, 40]. The β-phase crystallises
in a monoclinic structure with two inequivalent Ga3+
sites in a ratio of 1:1, one in a distorted tetrahedron
and the other in a highly distorted octahedron. In
rhombohedral corundum α-Ga2O3 the Ga
3+ ion coor-
dination is octahedral only, and the unit cell has the
smallest volume out of the polymorphs discussed in this
study. Finally, the orthorhombic ε-Ga2O3 structure con-
tains both octahedrally and tetrahedrally coordinated
Ga3+ sites, with three times the number of octahe-
dra compared to tetrahedra in the unit cell, making
ε-Ga2O3 a structural intermediate of the α and β-phases.
XRD patterns were collected to confirm the different
structures, phase purity, and crystallinities of the
samples and are shown in Fig. 1d-f (wide angle 2θ-ω
scans are included in Fig. S1 in the Supplementary
Information). The α-Ga2O3 phase, shown in Fig. 1d,
displays a (0001) film orientation with a single 0006 film
peak at 2θ=40.2◦. Fringes in the diffraction pattern
can be interpreted as indication of high film quality
with good uniformity in the thickness and coverage
of the film [42]. The diffraction pattern from bulk
β-Ga2O3 (010), shown in Fig. 1e, exhibits the allowed
020 peak with an extremely sharp rocking curve width
of 0.012◦, in agreement with the high structural quality
of melt grown, single crystal samples. The diffraction
pattern from MBE-grown ε-Ga2O3 shown in Fig. 1f,
can be seen to have a strong peak associated with the
(0004) orientation at 2θ=38.7◦. A shoulder, labeled
“nl”, on the low angle side of this peak is associated
with the 4¯02 reflection of the β-Ga2O3(2¯01) nucleation
layer (nl) [43] or interfacial layer [44]. The α and ε
films exhibit ω-rocking curve widths that are typical for
heteroepitaxial, single crystalline films on non-lattice
matched substrates. The in-plane lattice mismatch
between the sapphire substrate and the α or ε films is
4.7 %[45] and 4.1 %,[46] respectively. The 0006 peak
of the c-plane Al2O3 substrate used for the epitaxy of
these phases can be seen at 2θ=41.7◦.
3FIG. 1: Structure of the Ga2O3 polymorphs. a-c, Schematic representations of the crystal lattice structures of a, α, b, β,
and c, ε-polymorphs of Ga2O3. Inequivalent Ga positions are numbered with tetrahedral (1) and octahedral coordination (2-4)
in the and crystal structures prepared using VESTA [41]. d-f, X-ray diffraction patterns of d, α, e, β, and f, ε-polymorphs of
Ga2O3 showing symmetric out-of-plane 2θ-ω scans on a logarithmic scale. The insets show the corresponding ω-rocking curves
of the Ga2O3 peaks on a linear scale along with their full widths at half maximum.
OCCUPIED STATES
DFT calculations were performed to calculate the
density of states (DOS) (see Fig. S3 in the Supple-
mentary Information). The valence band (VB) of all
Ga2O3 polymorphs is dominated by O 2p states, with
small contributions from Ga 3d and Ga 4s states at the
top and bottom of the VB. This is in agreement with
previous calculations for some of the polymorphs [20]
and similar to other conventional oxide semiconductors
[12, 47, 48]. In order to investigate the structure of
the occupied states experimentally, VB spectra were
collected using both SXPS and HAXPES. Fig. 2a-b
show the calculated and experimental VB regions for
the α, β, and ε polymorphs, respectively. Fig. 2a
includes crosssection-weighted partial (pDOS) and total
(tDOS) density of states for both SXPS and HAXPES.
To aid direct comparison of theory and experiment, the
DFT results were corrected for photoionisation cross
sections and broadened to account for experimental
resolution (see Supplementary Information for details).
Both theory and experiment are aligned to the VB
maximum VBM at 0 eV. The differences in cross
sections between SXPS and HAXPES help to identify
specific features and orbital contributions to the overall
DOS. When going from soft to hard X-ray excitation
energies, states are discriminated, e.g. in HAXPES
the Ga 4s contributions are enhanced, validating DOS
calculations. The sharper onset of the VBM predicted
by theory for the α-phase is clearly visible in the SXPS
experimental results. In addition, the gradient of the
VBM leading edge of the experimental data becomes
progressively less steep when moving down the series
from the α to β to  phases, following the trends ob-
served in the theory and presenting a direct result of the
variations in Ga coordination environments. This has
obvious implications for determining the VBM to Fermi
level separation experimentally, where often a linear
extrapolation to the leading VBM edge is performed,
severely underestimating the true value as was shown
previously for β-Ga2O3 [30]. Due to the severe drop
in O 2p and Ga 3d cross sections which dominate the
VBM, this is less pronounced in the HAXPES data.
The features in the middle of the valence region are well
represented in the theoretical calculations. α-Ga2O3 has
a distinct feature just below 4 eV, which is particularly
clear in the SXPS spectra. This feature is deeper into
the spectrum than the two seen in β-Ga2O3 at ∼2 eV
and ∼3.5 eV, and the single feature in ε-Ga2O3 at ∼2
eV. Finally, the feature at the bottom of the VB, which
is dominated by Ga 4s states, as clearly highlighted
by the cross section differences, aligns well with the
theoretical energy positions and overall shape predicted.
Beyond aiding clear identification of the energy positions
4FIG. 2: Valence band structure of the Ga2O3 polymorphs. a, Calculated pDOS (coloured) and tDOS (black) weighted
for the photoionisation cross sections of soft and hard X-ray photoelectron spectroscopy measurements. b, Experimental SXPS
and HAXPES spectra (lines) each aligned using the calculated tDOS (filled curves) as a reference with a rigid shift of the data so
that the VBM is at 0 eV (see Supplementary Information). The tDOS is overlayed to aid comparison. c, DOS for octahedrally
and tetrahedrally coordinated Ga calculated from β-Ga2O3 and combinatorial calculated spectra for all three polymorphs.
and characters of the contributions to the valence
states, HAXPES data is less influenced by surface states
and is a better representation of the bulk of the materials.
In order to highlight the effect of structural differ-
ences in the polymorphs on their respective electronic
structure, the atomically resolved DOS for octahedrally
and tetrahedrally coordinated Ga sites in β-Ga2O3 was
calculated (see Fig. 2c). The main differences observed
are located in the middle region of the VB, where
two clear features at ∼2 eV and ∼4 eV appear. The
octahedral DOS has much lower overall intensity in this
region, which is attributed to the different distribution
of Ga d levels. Whilst similar differences are seen for
the Ga p states in the non cross-section corrected DOS
(see Fig. S4 in the Supporting Information), the d
states are greatly amplified due to cross section effects,
resulting in much higher intensity in the middle of the
VB under tetrahedral Ga coordination. Combination of
the two calculated spectra using appropriate weightings
of octahedral and tetrahedral contributions allows the
simulation of spectra for the different polymorphs of
Ga2O3. It is important to note that due to bond length
and bond angle variations across the polymorphs, this
approach does not yield perfect representations of the
polymorphs other than the β-phase, but it shows in-
structively the trend observed experimentally where the
intensity diminishes in the middle of the VB as more oc-
tahedral spectral weight is added to the ε and α phases,
which have 75% and 100% octahedrally-coordinated Ga,
respectively. This further confirms the influence of the
local coordination geometry on the electronic structure
observed.
Semi-Core States
Semi- or shallow core states derived from d-orbital
character in metal oxide semiconductors can have a
large influence on the structure of the valence band itself
[49] and are therefore an important contributor to the
final electronic structure. For Ga2O3, the calculated
DOS (see Fig. S3 in the Supplementary Information)
show that the semi-core levels consist of two peaks
of O 2s and Ga 3d character. Fig. 3a and b show
the broadened and cross-section corrected DOS from
DFT-GGA (Generalized Gradient Approximation) as
well as the SXPS and HAXPES data for the semi-core
5FIG. 3: Semi-core levels of the Ga2O3 polymorphs. a, Calculated pDOS and tDOS corrected for the photoionisation
cross sections of soft and hard X-ray photoelectron spectroscopy measurements. b, SXPS and HAXPES data. The SXPS inset
shows magnified (x10) views of the O 2s semi-core state. c, Comparison of DFT-GGA and quasiparticle GW calculated tDOS
with SXPS data for α and β-Ga2O3. The inset shows an expanded view of the VB region. All calculated spectra are aligned
to the leading edge of the experimental VB spectra.
level regions of the three Ga2O3 polymorphs. The
calculated DOS have been aligned to the VBM of their
respective polymorph. As with the valence spectra
above, the combination of SXPS and HAXPES can help
to identify specific contributions and orbital character
to verify theoretical predictions.
The narrow and intense semi-core peaks in the DOS
originate from a large number of dispersionless bands.
In SXPS, the spectra of the polymorphs appear very
similar. The largest difference between the set of
calculated DOS is the shape of the O 2s derived peak
at ∼21.5 eV. As previously mentioned, the ε-phase has
the highest density of bands due to the larger number of
O and Ga inequivalent sites, which explains why in Fig.
3a the O 2s peak is comparatively broader than those
in the other two polymorphs. In Fig. 3b the HAXPES
spectra show a much stronger contribution measured
from the O 2s states than the SXPS counterparts do,
due to the slower decrease in photoionisation cross
section of O 2s relative to Ga 3d, confirming the orbital
nature of the states. Still, the O 2s peak is broad and
relatively featureless compared to theoretical results.
To retain consistency the same broadening as for the
valence states was applied; however, the semi-core
levels are more deeply bound and have a higher lifetime
broadening relative to the valence states, resulting in
the overall line widths of the spectral features observed
[50]. The difference in line width is much more subtle
for the Ga 3d peak at ∼16.5 eV in the DFT-simulated
SXPS in Fig. 3a (or 20.7 eV in the SXPS in Fig. 3b). A
small shoulder on the lower binding energy (BE) side of
the Ga 3d peak in the experiment (see Fig. 3b) may be
misinterpreted as a second oxidation state of Ga, but in
fact arises from s-d hybridisation [20], much in the same
way as seen in In2O3 [11, 12].
Comparing theory and experiment, the O 2s peak is
somewhat overestimated in intensity relative to the Ga
3d peak. This may be explained by an underestimation
of the level of hybridisation between the two orbitals,
as suggested previously for Ga2O3 and other oxides
[11, 12, 38, 51]. This is further supported by the large
disparity between the energetic positions of the two
peaks, with the experimental data displaying ∼3 eV
difference between the O 2s and Ga 3d states, while the
theory predicts a difference around 5 eV. The energetic
positions relative to the VBM of the semi-core levels
are underestimated also. This is usually attributed
to an overestimation of the p-d-repulsion, causing an
underestimation of the band gap and consequently an
underestimation of the position of these levels [11, 52].
6Nevertheless, the shapes of the semi-core levels are
well predicted by theory and clear evidence for s-d
hybridisation is demonstrated.
As the DFT-GGA calculations underestimate both
the BE of the semi-core states and the s-d hybridisation,
quasiparticle (QP) electronic structure calculations
within the GW approach were performed for a more
detailed investigation [53]. The semi-core states of α-
and β-phases are compared in Fig. 3c, but due to the
structural complexity of the ε-phase, it was not possible
to perform QP calculations. All spectra are aligned and
normalised to the VBM of the experiment (composed
of O 2p and Ga 3d character). As expected, the GW
approach gives a better estimate of the absolute energy
positions of semi-core levels compared to the DFT-GGA
calculations for both polymorphs. A difference of
∼ 3.8 eV and ∼ 3.9 eV between the experimental and
DFT-GGA calculated Ga 3d derived level for the α
and β-phases, respectively, is reduced to ∼0.8 eV for
both phases. This difference is consistent with other
comparable calculations [11, 52, 54], and the remaining
underestimation has been suggested to be due to a small
overestimation of the level of p − d repulsion [11]. It
is worth noting that it could also relate to a (reduced)
self-interaction error in the GW approximation [52], and
may be offset by inclusion of vertex corrections [55].
The GW approach also reduces the energetic difference
between the Ga 3d to O 2s peaks to ∼3.2 eV and ∼3.3
eV for the α- and β-phases, respectively, bringing them
considerably closer to the experimental values of ∼2.9
eV and indicating the extent of hybridisation between
these levels. The VB regions in both theory approaches
are nominally the same with a very slight widening of
the GW spectra, which stems from a small (< 0.3 eV)
shift in the Ga 4d state at the bottom of the VB, in
agreement with previous studies [11, 52, 56]. Overall
the GW calculations give a more accurate description
of the semi-core state energies whilst also retaining the
intrinsic lineshape, but at higher computational cost.
These results emphasise the importance of hybridisation
in Ga2O3 and reinforce the effects that semi-core states
have on the overall electronic structure.
CORE STATES
An often overlooked source of information regarding
the electronic structure of polymorphic materials is
the core level spectra. Whilst large amounts of data
regarding bonding and chemical shifts are available from
sources such as Moulder [57], it is often assumed the core
levels will be identical across polymorphs as they include
comparable chemical environments, e.g. Ga-O bonds
in all Ga2O3 polymorphs. In theoretical investigations,
FIG. 4: Core states of the Ga2O3 polymorphs. a, O 1s
spectra. b, Ga 2p3/2 spectra. For each core state the SXPS
(dotted line) and HAXPES (solid line) spectra as well as the
calculated spectra (shaded) and calculated core level binding
energies (vertical lines) for all atoms in the primitive unit cell
of the different polymorphs are shown.
usually the valence and possibly semi-core levels are
investigated as they are the most heavily involved in
determining the chemical and physical properties of a
material, and are expected to be most sensitive to any
structural differences. However, the line shapes of deeper
core states can be explained on a fundamental level and
strongly reflect the structural differences in polymorphs
in parallel to the observations made in semi-core and
valence states.
The O 1s and Ga 2p3/2 core levels from SXPS and
HAXPES measurements of the three polymorphs are
shown in Fig. 4 (survey spectra are shown in Fig. S5
in the Supplementary Information). The O 1s spectra
show a striking difference between the three polymorphs
and the ε-phase has a greatly increased line width in
both SXPS and HAXPES. The full width half maximum
(FWHM) of the α and β polymorphs is on average
1.2 eV compared to 1.6 eV for the ε polymorph (see
Fig. S6 in the Supplementary Information for peak fits
and FWHM values for all core levels). The influence
of surface hydroxylation and other surface states, as
7well as any influence from surface band bending, can be
excluded as the broadening is observed in both SXPS
and HAXPES. Heavily doped metal oxide materials
commonly display plasmon losses which can manifest as
a shoulder to higher BE of the main core line [58] and
this observed broadening of the ε-phase O 1s core level
might be attributed to this initially. ε-Ga2O3 has a large
band gap (∼4.9 eV [59], similar to β-Ga2O3), and can be
extrinsically doped with e.g. Si or Sn resulting in carrier
densities on the order of 3 × 1018cm-3 [60, 61]. How-
ever, even degenerately doped Ga2O3 may not display
plasmon features, as observed for Sn-doped β-Ga2O3
with a carrier density of 6 × 1018cm-3 [30], above the
Mott criterion (around 3 × 1018cm-3) where metallic
behaviour should prevail. Since the samples in this
study are not intentionally doped, the carrier densities
should be below this limit, and hence no plasmon losses
are expected. Furthermore, the ε-Ga2O3 Ga 2p3/2 core
level is of similar width to that of the other two phases,
further indicating the absence of plasmon losses. There
are a very limited number of reports on the XPS of
ε-Ga2O3 available for comparison [37]. However, in this
study several ε-Ga2O3 samples were grown with different
MBE recipes. All analyzed films consist of columnar,
orthorhombic rotational domains usually in the range
of 2-10 nm for ε-layers deposited on c-plane sapphire
[18]. The ω-rocking curves of the investigated samples
vary between 0.14◦ and 0.40◦ (Fig. 1f and Fig. S2 in
the Supplementary Information). Despite the related
differences in the films microstructure, no considerable
differences are found in the SXPS and HAXPES peak
broadening among the samples.
The calculated Ga 2p3/2 and O 1s binding energies
for all atoms in the unit cell and the corresponding
spectra for each of the three polymorphs are presented
in Fig. 4 (see Fig. S8 and related text in Supplemen-
tary Information for further details). The DFT-GGA
approach is used here, leading to shifts in absolute
energy positions, which are summarised in Tab. S1
in the Supplementary Information, and the ab initio
calculations give core binding energies for O 1s and Ga
2p3/2 states for all inequivalent atomic sites. Therefore,
the number of distinct core states observed is directly
correlated to the number of inequivalent sites, which
depends on the polymorphism. α-Ga2O3 has only single
Ga and O sites, with four symmetry related Ga lattice
sites (Wyckoff position 4c) and six equivalent O sites
(Wyckoff position 6e). All atoms in β-Ga2O3 occupy
Wyckoff positions 4i, yielding two inequivalent Ga and
three inequivalent O positions. The energies of the
inequivalent positions are closely spaced with maximum
energy differences ∆EGa = 0.137 eV and ∆EO = 0.413
eV. Finally, the primitive unit cell of ε-Ga2O3 has 16
Ga atoms with four different Wyckoff positions 4a, and
24 O atoms at six different Wyckoff positions 4a. This
results in four inequivalent energy levels for Ga 2p3/2
and six energy levels for O 1s with ∆EGa = 0.346
eV and ∆EO = 0.917 eV. These differences in core
state binding energies caused by the local coordination
environments in Ga2O3 explain the broadening observed
experimentally, particularly in the O 1s spectra of the
ε-phase.
While the effect of polymorphism on the density of
states in the valence and semi-core region has been
reported previously [11, 12, 19, 20], such an effect on
the core spectra has rarely been observed. The combi-
nation of high quality samples, SXPS and HAXPES to
exclude surface effects, and the complementary theory
approach enable a deeper understanding of the direct
relationship between local coordination geometry and
spectral features. These differences are obvious in the
core levels and complement valence band data, which
has contributions from many orbitals. This shows that
core states can act as a direct probe for differences in
local structure in polymorphic systems.
UNOCCUPIED STATES
It is clear from the discussion so far that distinct dif-
ferences in spectral shape between the three polymorphs
can be evidenced in the valence, semi-core and core state
spectra and are directly related to the local coordination
environments. Beyond the occupied states, it is essential
to probe unoccupied states in the conduction band (CB)
of the polymorphs to determine further differences in the
electronic structure brought about by the varying crystal
structures. The CB states are experimentally probed
using X-ray absorption spectroscopy (XAS), which
is complimentary to XPS. While XPS spectra yield
information on the VB structure and can be calculated
within DFT, the XAS final state is a neutral core excited
state. As such, the BSE approach is used here, which
explicitly includes the effects of the electron-core hole
interaction in the many-electron system [62, 63]. To
explore the advantages of BSE over lower cost DFT
+ core-hole correction, both methods were initially
employed. Whilst both give good descriptions of the
spectra, a clear improvement of agreement between
theory and experiment is found with BSE (see Fig. S10
in Supplementary Information). The calculations show
that the effect of the electron-hole interaction on the
spectra is strong, as the intense peak at the absorption
onset is missing when electron-hole correlation is ne-
glected.
Fig. 5a shows the XPS and XAS experimental results
together with the respective theoretical results from
DFT and BSE on a common photon energy scale (see
8Fig. S11 and related text in the Supplementary Informa-
tion on details of the alignment). The Fermi energy EF
position as determined from the SXPS measurements
is plotted, and appears within the band gap towards
the CBM (consistent with reports for β-Ga2O3 from
particle irradiation studies [64]), indicating all three
materials are n-type, but not degenerate. This diverges
from what is expected for other common metal oxide
systems, which often display Fermi level degeneracy[65].
Whilst the combination of XPS and XAS cannot be
used to determine absolute band gap values due to
the uncertainties in determining the energy alignment
and positions, it does allow a qualitative discussion of
the electronic structure. Overall, subtle differences in
the separation of the VBM and CBM are observed.
The VBM and CBM onsets can be determined from
second order derivatives of the spectra (see Fig. S12 in
the Supplementary Information) with some uncertainty
stemming from even minimal noise levels in the data as
well as instrumental broadening. This method yields
VBM-CBM energy separations around 5 eV for the
three polymorphs depending on the choice of onset
position, which although not perfectly representative
for the band gaps lies close to their reported values for
Ga2O3 [59, 66, 67]. This alignment procedure does not
take into account the interaction of the excited electron
and its core hole, which can affect the positioning of the
spectra, typically lowering the XAS spectra onset up
to 0.5-1.0 eV [68, 69]. However, in the present case the
energy gaps observed are more consistent with the band
gap indicating a smaller core-hole effect as expected for
a wide band gap weakly correlated oxide.
In order to discuss the O K-edge absorption spectra,
which are derived from 1s→2p transitions, in more
detail, the experimental results are combined with calcu-
lated XAS spectra in Fig. 5b. Data are aligned relative to
the most intense feature A (initial XAS calculations can
be found in Fig. S9 in the Supplementary Information).
Much like in the VB spectra, the β and ε-phases share
similar O K-edge shapes, whilst the α-phase is distinctly
different in its features. The total O K-edge spectra are
the sum of the absorption spectra of the inequivalent
oxygen atoms in a given polymorph and all spectra
show five identifiable features A-E. The first-principle
calculations used here allow the identification of atomic
contributions of the inequivalent oxygen atoms to the
different features in the spectrum. Feature A, which
occurs in all three polymorphs, is due to transitions
from the O 1s states to low-energy conduction bands
and occurs for each inequivalent atom. Here, strong
interactions between the excited electron and the core
hole are found, which yield the sharp intense feature
that is not found in the projected DOS (see Fig. S3
in the Supplementary Information). Features B and C
in the spectra of the β− and ε-phases originate from
FIG. 5: Conduction and valence band states of the
Ga2O3 polymorphs. a, SXPS and DFT of the VB as well
as O XAS and BSE of the CB plotted on a common photon
energy axis. Theory and experiment were normalised to their
respective areas. The Fermi energy EF position as determined
from SXPS is included and the top x axis gives binding energy
relative to the E − F position. b, XAS O K-edge spectra
(lines) are combined with excited state O K-edge absorption
spectra from BSE (shaded area). Data are displayed on a
relative energy axis where feature A is aligned at 0 eV. For
both plots experimental data is shown as lines, theoretical
data as shaded areas.
transitions from the 1s states of oxygen atoms that
are predominately bonded to tetrahedrally coordinated
Ga atoms. In the α-phase, this coordination does not
occur and peak B at ∼1.2 eV above A is missing, while
peak C has greatly reduced in intensity. Features D
and E, on the other hand, originate from transitions
at oxygen atoms that are predominately bonded to
octahedral Ga atoms. Consequently, these features have
the strongest relative intensity for the α-phase. Overall,
the features are well reproduced by the calculations
in both their intensities and energy positions and the
observed differences confirm a significant influence of the
local coordination environments on the occupied states,
both directly at the CBM and beyond.
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This work presents a systematic, in-depth spectro-
scopic and theoretical investigation of the structure -
electronic structure relationship in three polymorphs
of Ga2O3: the α, β, and ε-phases. State-of-the-art,
multi-level theoretical approaches together with ad-
vanced X-ray photoelectron and absorption spectroscopy
methods provide the first combined theory-experiment
investigation of a range of Ga2O3 polymorphs.
Based on purely stoichiometric arguments one might
expect the electronic structures and core states to be
the same for different polymorphs, however, the present
work clearly shows that valence, semi-core and core
states are all influenced by differences in local coordina-
tion environments. The variations in octahedrally and
tetrahedrally coordinated Ga centres in the polymorphs
result in discernible changes in the density of states for
both valence and conduction band states. Particularly
for semi-core and core states the importance of higher
level theoretical approaches to rationalise experimentally
observed features is demonstrated. Throughout, the
α-phase proves to be intrinsically different from the
β and ε phases due to it only having octahedrally
coordinated Ga sites. The combination of SXPS
and HAXPES enables the exclusion of pure surface
effects further highlighting that observed spectral fea-
tures are directly connected to the bulk crystal structure.
The detailed, fundamental information on the Ga2O3
polymorphs presented here provides a solid basis for
advanced studies of Ga2O3 and related oxide materials
and lays important groundwork for further optimisation
and implementation of Ga2O3 polymorphs in device ar-
chitectures. It is clear that the choice of polymorph and
the optimisation of the local coordination environments
can be used to tune the electronic structure of Ga2O3,
essential for its ultimate behaviour within devices.
METHODS
Growth and Structure
Various methods were used to produce optimum, high
quality samples for the wide range of Ga2O3 structures
discussed in this paper. The conductivity of the samples
was of special concern to allow photoelectron spec-
troscopy measurements. Bulk β-Ga2O3 single crystals in
the (010) orientation were obtained from Novel Crystal
Technology Inc., Tamura Corporation, and were grown
from the melt using the edge-defined film-fed growth
method [70]. The bulk crystals are unintentionally-
doped and lightly Sn-doped samples are used as a
reference to ensure sufficient conductivity in order to
avoid sample charging effects during photoelectron
measurements. The spectra were essentially identical
indicating charging was not an issue for the bulk crystals.
The net donor density (N+D -N
−
A ) was determined by
capacitance-voltage measurements to be ∼1018 cm-3
in each. α-Ga2O3 was deposited via plasma enhanced
atomic layer deposition (PE-ALD) onto c-plane sapphire
substrates, displaying mainly (0001) orientation, at a
constant temperature of 300◦C [42, 66]. ε-Ga2O3 was
grown via metal-exchange catalyzed (MEXCAT)-MBE
mediated by either indium [43] or tin [44], on c-plane
sapphire substrates. XRD and core level XPS data
from all samples are included in Figs. S2 and S7 in the
Supplementary Information.
Phase and crystallinity of the samples were studied
under ambient conditions by ex-situ X-ray diffraction of
symmetric out-of-plane reflexes using monochromated
X-rays (Cu Kα1) in parallel-beam geometry. Out-of-
plane θ:2θ scans between 10◦ and 90◦ were performed
to identify the Ga2O3 phase and orientation, and rule
out the existence of secondary phases. A ω rocking
curve centred about the Ga2O3 peak was carried out
to assess the degree of the Ga2O3 crystallinity. The β
and ε-Ga2O3 samples were measured in a four-circle lab
diffractometer (PANalytical X’Pert Pro MRD) using a
1 mm wide detector slit. A Rigaku SmartLab X-ray
diffractometer with a 9 kW rotating anode was used for
α-Ga2O3. Higher-resolution θ:2θ between 37
◦ and 43◦
were measured to assess film thickness of 30 nm, from
the Pendello¨sung fringes about the strong α-Al2O3 0006
substrate peak and the main α-Ga2O3 0006 peak.
Electron and X-ray Spectroscopy
Laboratory-based soft X-ray photoelectron spec-
troscopy (SXPS) was performed on a Thermo Scientific
K-Alpha+ X-ray photoelectron spectrometer (base
pressure 2 × 10-9 mbar), utilising a monochromated
microfocused Al Kα X-ray source (hν =1486.7 eV)
with a spot size of 400 µm and a 180◦ double focusing
hemispherical analyzer with 2D detector. The X-ray
source was operated at 6 mA emission current and 12-kV
anode bias. Pass energies of 20 eV for core level and
15 eV for valence band spectra were used. HAXPES
data were collected at the I09 beamline at Diamond
Light Source, UK [71]. A photon energy of 5.93 keV
was used for all measurements. A double-crystal Si
(111) monochromator was combined with a Si (004)
channel-cut crystal as a post-monochromator to achieve
the final energy resolution. The end station is equipped
with a VG Scienta EW4000 electron analyzer with a
wide acceptance angle of ±28◦ and a pass energy of
10
200 eV was used. All measurements were performed in
grazing incidence geometry at angles below 5◦ between
the incoming X-ray beam and the sample surface. The
resolution of SXPS and HAXPES measurements as
determined by the width of the Fermi edge of gold are
0.44 eV and 0.25 eV, respectively. X-ray absorption
spectroscopy (XAS) of the O K-edge in total electron
yield mode (TEY) was performed on the same beamline
as the HAXPES measurements, without the requirement
of a secondary detector.
Computational Details
The ab initio electronic structures of α−, β−, and
ε−Ga2O3 are obtained from all-electron full-potential
DFT calculations using linearised augmented plane-wave
(LAPW+LO) basis functions. In this basis, the basis set
size is described by the dimensionless plane-wave cut off
RMT |G+ k|max. For α− and β-Ga2O3, the calculations
are performed on a 8× 8× 8 k-mesh in reciprocal space
and a plane-wave cut off RMT |G + k| = 8.0. Since the
primitive unit cell of ε-Ga2O3 is larger than that of
the α- and β-phase, a 4 × 4 × 4 k-grid and a cut off
RMT |G + k|max = 10.0 is employed. The generalized
gradient approximation to the exchange-correlation
functional as developed by Perdew, Burke, and Ernz-
erhof was employed [72]. The all-electron calculations
conducted yield not only semi-core, valence, and con-
duction electronic structure, but also the tightly bound
core states, here the Ga 1s, Ga 2s and Ga 2p, and the
O 1s states. These electronic structure calculations are
performed using the all-electron full-potential exciting
code [73].
To construct the DOS for the octahedrally and tetrahe-
drally coordinated gallium, the atomically-resolved DOS
was calculated for the primitive unit cell of β-Ga2O3
as a template structure, using the HSE06 screened
hybrid functional [74, 75] and projector-augmented wave
(PAW) approach [76] as implemented in the Vienna ab
initio simulation package (VASP) code [77, 78].
To account for quasiparticle (QP) excitation effects,
Hedin’s GW approach was adopted [53] and calculated
with VASP. The QP calculations are performed starting
from DFT calculations with HSE06 [74], which provide
better starting wave functions for the electronic struc-
ture. A full explanation of the methodology used here
to evaluate the quasiparticle electronic structure is given
elsewhere [20].
The X-ray absorption spectra at the O K edge are calcu-
lated within many-body perturbation theory by solving
the Bethe-Salpeter equation (BSE). The BSE explicitly
includes both the effect of electron-core hole interaction
and the relaxation of the electronic system due to the
excitation, i.e. the screening of the electron-core hole
interaction. For the α-phase, the BSE calculation is
performed on a shifted 9×9×9 k-grid, and the 20 lowest
conduction states are included in the construction of the
BSE Hamiltonian. Local-field effects are included up to
a cut-off |G + q|max = 3.0 a−10 , where a0 is the Bohr
radius. For β-Ga2O3, the calculation is performed on
a shifted 10 × 10 × 10 k-grid and, as for the α−phase,
the 20 lowest conduction states are included in the
construction of the BSE Hamiltonian. Local-field effects
are included up to a cut-off |G + q|max = 1.0 a−10 . For
the -phase, calculations are performed on a shifted
8× 8× 8 k-grid using the lowest 60 unoccupied states in
the BSE Hamiltonian. A cut-off |G + q|max = 1.5 a−10
is employed to include local-field effects. For the XAS
calculations of all three polymorphs, the screening in
the random-phase approximations is calculated using
100 unoccupied bands. A Lorentzian broadening of
0.15 eV is applied to the final spectra to mimick the
lifetime broadening of the excitations. For the β- and
-phase, the XAS for each inequivalent oxygen atom is
calculated, and the final spectra are obtained as the
sum of the atomic contributions. All X-ray absorption
spectroscopy calculations are performed using the
all-electron full-potential exciting code, and more
information on the implementation can be found in
Refs. [62, 63]. The BSE results were broadened with a
Gaussian-Lorentzian convolution, and the data shifted
so that the energy position of the leading edge matches
that of the experiment. The spectra are plotted on
a common binding energy scale using the SXPS O
1s core level for alignment and a 1 eV shift has been
applied to the XAS to account for core-hole effects. The
corresponding photon energies are plotted along the top
axis.
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2STRUCTURE
FIG. S1: X-ray diffraction patterns of the Ga2O3 samples. The graphs show wide angle symmetric out-of-plane 2θ-ω
scans on a logarithmic scale of a, α, b, β, and the investigation of samples prepared through different routes ε Ga2O3.
FIG. S2: Detailed X-ray diffraction patterns of the ε-Ga2O3 samples. The graphs show symmetric out-of-plane 2θ-ω
scans on a logarithmic scale and the insets show the corresponding ω-rocking curves of the Ga2O3 peaks on a linear scale along
with their full widths at half maximum. All samples were grown by MEXCAT MBE using either Sn (ε3) or In (ε1 and ε2) as
catalyst. Data in (a) taken and adapted from Ref. [1].
OCCUPIED STATES
Calculated Valence DOS
DFT is routinely used to calculate the density of states (DOS) of materials. Fig. S3 shows the results of such
calculations for the α, β, and ε-polymorphs of Ga2O3. The data have been broadened by convolution with a Gaussian
function of width 0.3 eV to help visualise the data. At first glance the DOS look very similar across the polymorphs,
as expected due to their equivalent chemical composition. However, a number of features can be distinguished which
make them discernible from each other. Firstly, the calculated band gap is larger in the α-phase, being around 2.8
3eV compared to 2.4 eV and 2.5 eV for the β and ε polymorphs, respectively. These absolute semiconductor band
gaps suffer from the known problem of theoretical under-prediction using semilocal DFT functionals [2], however,
relative comparisons of band gaps between the different structures are still valid.
The DOS at the VB maximum (VBmax) of the α phase has a much sharper onset than for the β and ε phases,
which both show a step in the leading edge. This step consists of nearly entirely O 2p character and is larger in the
ε phase than the β phase. In addition, the middle of the valence band of the α-phase differs from the other two in
that it is relatively much less intense. A greater degree of hybridisation between the Ga 4p and O 2s orbitals occurs
in this region for the β and to a lesser extent the ε phases, which accounts for the difference in intensities in the
DOS. In addition, an increased contribution of tetrahedrally coordinated Ga sites, which are completely absent in
the α-phase, may contribute. The DOS of the ε-phase appears as a combination of the other two phases, due to
it having three octahedra to every tetrahedron. It is also worth noting that in previous calculations of the band
structures of these polymorphs [3], it was shown that the density of bands in the valence region increased heavily
from the α-phase through the β to the ε-phase. This follows the number of inequivalent lattice sites in the unit cell,
see Fig. 1a–c in the main manuscript. The overall positions of the valence levels are very similar between the three
phases, including the O 2s and Ga 3d derived semi-core levels.
FIG. S3: Calculated partial and total DOS for the α, β and ε-polymorphs of Ga2O3. The VBmax has been set to 0
eV in each case and a small degree of Gaussian broadening has been applied to help visualise the data.
DFT Corrections for Valence States
The partial densities of states (pDOS) from DFT calculations are corrected for the photoionisation cross sections
based on theoretical values calculated by Scofield.[4] Tabulated values for energies of 1.5 keV for SXPS and 6.0 keV
for HAXPES were used, respectively, which were divided by the number of electrons in each orbital as stated in the
reference to give one electron cross sections. The DFT results were broadened with a Gaussian contribution of 0.35
eV to reflect experimental resolution based on the Au Fermi edge reference and with a Lorentzian broadening of 0.40
eV to reflect hole lifetimes.[5]
4Atomically-resolved DFT
To construct the dos for the octahedrally and tetrahedrally coordinated gallium, β-Ga2O3 was used as a template
structure (containing both tetrahedral and octahedral Ga environments), and atomic resolved DFT modeling was
performed, adopting the more computationally expensive HSE06 screened hybrid functional [6, 7] and projector-
augmented wave (PAW) approach [8] as implemented in the VASP code [9, 10]. We explicitly include the semi-core
Ga 3d states as valence electrons and adopted a fraction of 32% exact-exchange in the hybrid functional. The
treatment of the Ga d states leads to slightly improved lattice parameters as compared to the experiment (12.21,
3.03, and 5.79 for the a, b, and c lattice parameters and a β angle of 103.8◦), and most importantly for this study, an
improved description of orbital interactions that can influence the valence band features observable via photoelectron
spectroscopy. Either Ga coordination can be expressed by combining atomic resolved dos for the relevant atoms,
which in turn can be combined to give a total dos for any combination of octahedral to tetrahedral Ga coordination.
We acknowledge that the bond lengths and angles vary between the three phases, and so exact agreement is not
expected.
FIG. S4: Valence band structure of the tetrahedral and octahedral coordinated Ga before and after cross-section
correction.
5SURVEY AND CORE LEVEL SPECTRA
FIG. S5: Survey spectra of the Ga2O3 polymorphs. a, SXPS and b, HAXPES. All core levels and Auger lines are
indicated in the figures.
6FIG. S6: Fitted O 1s and Ga 2p3/2core level spectra of the Ga2O3 polymorphs. a, SXPS and b, HAXPES. The
FWHM ∆ of the peaks are given for each spectrum.
7FIG. S7: Comparison of the SXPS O 1s and Ga 2p3/2 core level spectra of three different ε-Ga2O3 samples grown
by MEXCAT-MBE. ε1 and ε2 are grown with mediation from In and ε3 is grown with mediation from Sn, respectively. The
β-Ga2O3 data is included for comparison.
DFT calculated Core Level Spectra
TABLE S1: Calculated core state energies E of Ga 2p3/2 and O 1s and number of equivalent sites for each energy.
Ga 2p3/2 O 1s
sites E / eV sites E / eV
α 4 1083.73196 6 505.37256
β 2 1083.65820 2 505.15698
2 1083.79563 2 505.35401
2 505.56981
ε 4 1083.65065 4 504.90987
4 1083.70425 4 505.02003
4 1083.75213 4 505.23575
4 1083.99685 4 505.47205
4 505.68715
4 505.82656
Fig. 4 of the main manuscript displays the calculated O 1s and Ga 2p3/2 core level binding energies and spectra for
all atoms in the primitive unit cell of the different polymorphs. The calculated spectra are aligned with the centre of
the experimental spectra. To obtain the spectra, a Gaussian-Lorentzian convolution was fixed at each of the calculated
binding energies and subsequently the intensities summed. Since in each polymorph all inequivalent lattice sites for
a given atom exist with the symmetry degeneracy, the intensities of the Gaussian-Lorentzian convolution could be
normalized so each has the same intensity (see figure S8). While the resolution of the HAXPES measurements was
determined to be 0.25 eV, fixing the Gaussian component of the theoretical peaks for either O 1s or Ga 2p3/2 to
this width and allowing the Lorentzian width the vary freely provided a poor fit to the data. This is likely due to
effects other than lifetime and resolution broadening, which are not included into this simple approach, e.g. phonon
broadening and crystallinity effects. Instead, for the Ga 2p3/2 the Lorentzian component of the broadening was fixed
to 0.76 eV (matching that for metallic Ga[11, 12]), and the Gaussian component allowed to vary, giving a width of
0.67 eV for the Ga 2p3/2 core-levels of each polymorph. This Gaussian component was then fixed for the O 1s core
levels, and the Lorentzian allowed to vary giving 0.40 eV. These fits agreed well with the experimental data.
8FIG. S8: Comparison of the theoretical SXPS O 1s and Ga 2p3/2 core level spectra for β-Ga2O3.
OCCUPIED STATES
Computational details of the DFT XAS calculations
The effect of the core hole in simulation of x-ray absorption is studied using ab initio calculations based on the density
functional theory (DFT)[13]. WIEN2k package is employed in which the electron wavefunctions and eigenvalues
are calculated using a full-potential (linearized) augmented plane wave (LAPW) + local orbital (lo) method[14].
The generalized gradient approximation of Perdew, Burke, and Ernzerhof (GGA-PBE) was used for the correlation
and exchange potentials for the three different polymorphs. The calculations are performed without any geometry
optimization for direct comparison with experimental result[15]. For partial core hole calculations, the unit cell is used
instead of super cell to include the interaction between neighboring core holes. The occupancy of the core level was
reduced (not a Z+1 approximation, true core hole). Then the missing charge is added as a uniform background charge
to the unit cell to avoid renormalisation problems. Because of the core hole charge screening in metallic systems there
was no need for using supercell[16–18]. We used 250 K-points, and a plane wave cut-off of Rmt ×Kmax = 6.5.
FIG. S9: Calculated O K-edge XAS spectra from BSE of the three polymorphs of Ga2O3.
9FIG. S10: Comparison of XAS calculations and experimental data for the three polymorphs of Ga2O3. a, DFT,
BSE and O K edge XAS data.b, DFT plus core hole (CH) correction and BSE level theories with O K edge XAS data.
Alignment of XAS and XPS
Calibration of the energy scale for the XAS spectra was performed using a pre-calibrated spectrum from the
α-Ga2O3 sample. The reference spectrum was recorded at beamline 8.0.1 at the Advanced Light Source in TEY
mode, and calibrated using first- and second-order diffraction Ti L3,2 edge absorption features of rutile TiO2. The
α-Ga2O3 XAS spectra recorded at I09 are shifted so that their features align with the reference spectrum, which
also determines the rigid shift required for the other two polymorphs. A reference O K-edge X-ray emission (XES)
spectrum was also recorded to allow for calibration of both occupied and unoccupied data on a combined photon
energy scale. Both XAS and XES reference spectra are displayed in the top panel of figure S11. The DFT calculated
O 2p pDOS is overlaid and aligned to the XES data, which allows us to calibrate the XPS spectra, determining the
rigid shift required for the other two polymorphs in turn. This is shown for the α-Ga2O3 sample in the bottom panel
of S11. The determined rigid shifts to both XPS and XAS are applied to the spectra in Fig. 5b of the main manuscript.
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FIG. S11: Alignment of XES, XAS and XPS on a common photon energy axis for α-Ga2O3. The top panel
shows the alignment of XES with the calculated O pDOS. The magnified inset shows the O semi-core state in XES at 15x
magnification. The bottom panel shows the XPS aligned to the calculated tDOS.
Finally, it is interesting to note that in the XES spectrum in Fig. S11, a small feature is visible at ∼511 eV. This
feature is predicted in the theory also (albeit offset by about 5 eV to lower photon energy) and represents the O
2p component of the heavily Ga d dominated semi core-level. The hybridisation of metal d with O p states is well
established in related systems including ZnO, CdO, In2O3, and SnO2 [19, 20]. This peak can be seen in Fig. S3, as
in XES only the O 2p pDOS is probed. It is difficult to resolve the oxygen contribution in XPS due to the overlap
with the much stronger Ga d states.
The VBM and CBM onsets were determined from second order derivatives of the spectra shown in Fig. S12. This
is an established approach [21], however, the choice of onset position varies, giving varying VBM-CBM separation
values. Fig. S12 includes two values for each of the polymorphs, one for the separation between peak maxima (black
bars and values) and one for the half height values of the highest/lowest onsets (red bars and values). An additional
feature below the main onset of the XAS data is marked with an asterisk.
11
FIG. S12: Second derivatives of the SXPS and XAS data for the three Ga2O3 polymorphs. The values for the
VBM-CBM determined from the derivatives are included. Black bars/values correspond to the separation between peak maxima
whilst red bars and values correspond to the half height values of the highest/lowest onsets. An additional feature below the
main onset of the XAS data is marked with an asterisk.
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